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Abstract.—The Santa Ana River basin is the largest stream system in Southern California and includes
a densely populated coastal area. Extensive urbanization has altered the geomorphology and hydrology
of the streams, adversely affecting aquatic communities. We studied macroinvertebrate and periphyton
assemblages in relation to two categorical features of the highly engineered hydrologic system—water
source and channel type. Four water sources were identified—natural, urban-impacted groundwater,
urban runoff, and treated wastewater. Three channel types were identified—natural, channelized with
natural bottom, and concrete-lined. Nineteen sites, covering the range of these two categorical fea-
tures, were sampled in summer 2000. To minimize the effects of different substrate types among sites,
artificial substrates were used for assessing macroinvertebrate and periphyton assemblages. Physical
and chemical variables and metrics calculated from macroinvertebrate and periphyton assemblage data
were compared among water sources and channel types using analysis of variance and multiple com-
parison tests. Macroinvertebrate metrics exhibiting significant (2 < 0.05) differences between water
sources included taxa and Ephemeroptera-Plecoptera-Trichoptera richness, relative richness and abun-
dance of nonchironomid dipterans, orthoclads, oligochaetes, and some functional-feeding groups such
as parasites and shredders. Periphyton metrics showing significant differences between water sources
included blue-green algae biovolume and relative abundance of nitrogen heterotrophic, eutrophic,
motile, and pollution-sensitive diatoms. The relative abundance of trichopterans, tanytarsini chirono-
mids, noninsects, and filter feeders, as well as the relative richness and abundance of diatoms, were
significantly different between channel types. Most physical variables were related to channel type,
whereas chemical variables and some physical variables (e.g., discharge, velocity, and channel width)
were related to water source. These associations were reflected in correlations between metrics,
chemical variables, and physical variables. Significant improvements in the aquatic ecosystem of the
Santa Ana River basin are possible with management actions such as conversion of concrete-lined
channels to channelized streams with natural bottoms that can still maintain flood control to protect

life and property.

Introduction agriculture changed human—environmental relations
in virtually all parts of the world (Grimm et al. 2000).

Human influence on the environment has been ex- However, some of the more severe human-induced

tensive for thousands of years. The introduction of o vironmental impacts are those associated with ur-

banization. Even in ancient cities, dense human popu-

* Corresponding author: caburton@usgs.gov . .
lations caused extreme regional degradation, resulting
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in abandoned cities and reductions in agricultural pro-
ductivity leading to the collapse of entire civilizations
(Grimm et al. 2000).

Currently, urbanization is second only to agricul-
ture as the main cause of stream impairment (Paul and
Meyer 2001). Urbanization alters the geomorphic and
hydrologic characteristics of streams that drain urban
catchments. Drainage basin boundaries are made mean-
ingless by imports and exports of water and construc-
tion of drainage and flood control structures. Flow
regimes are altered by diversions of water to and from
natural channels, water storage and release activities,
and changes in surrounding land use that alter runoff
patterns (Leopold 1968; Klein 1979; Booth 1991). In
addition, flow may be augmented by discharges from
wastewater treatment plants. These changes in stream
geomorphology, hydrology, and landscape affect water
quality. Urban catchments typically have elevated con-
centrations of phosphorus and other nutrients (U.S.
Geological Survey 1999; Winter and Duthie 2000);
inorganic ions such as chloride, sodium, and potassium
(Paul and Meyer 2001); metals (Paul and Meyer 2001);
pesticides (U.S. Geological Survey 1999); and other
organic contaminants (Moring and Rose 1997; Frick et
al. 1998; Burton 2002).

Changes in landscape and water quality also alter
aquatic biotic communities. Taxa richness (number of
taxa) declines and communities shift to more tolerant
species in association with measures of urbanization
including increased population density, increased im-
pervious surface area, and changes in streambed sub-
strate and water quality (Garie and McIntosh 1986;
Winter and Duthie 1998; Ourso 2001; Kennen and
Ayers 2002). Tolerant species increase in abundance
and often dominate the biological community
(Barbour et al. 1999; Paul and Meyer 2001).

The Santa Ana River basin is the largest stream
system in Southern California, encompassing about
6,900 km? of the densely populated coastal area (Fig-
ure 1). The river begins in the San Bernardino Moun-
tains (which reach altitudes exceeding 3,000 m) and
flows more than 160 km to the Pacific Ocean. The
watershed is home to almost 5 million people, and the
population is expected to reach almost 7 million by
the year 2025 (Santa Ana Watershed Project Author-
ity 2003).

The hydrologic system is highly engineered. Flow
from most headwater tributaries is diverted to ground-
water-recharge facilities (Figure 1), public supply, and,
on the Santa Ana River, to hydroelectric plants. Be-
cause of diversions and hot, dry summers, the Santa
Ana River and almost all its tributaries lose surface flow

BURTON ET AL.

once they reach the alluvium-filled basin. Groundwa-
ter is withdrawn and supplemented with imported
water for public use. Some of the water used by the
public returns to the ground through infiltration from
lawns, some is lost through evapotranspiration from
ornamental plants, some becomes urban runoff, and
most is sent to wastewater treatment plants. Farther
downstream, flow is reestablished in some channels due
to inputs from wastewater treatment plants (Figure 1).
In a few small streams, urban runoff or groundwater
forced upward by faulting or by bedrock outcrops re-
stores surface flow. Imported water is occasionally dis-
charged to a stream and then diverted for groundwater
recharge farther downstream. Most water in streams is
from sources impacted by human activities. Treated
wastewater and urban runoff maintain perennial flow
in some streams that historically were ephemeral. Flow
in these streams is 70-100% treated wastewater
(Mendez and Belitz 2002). Moreover, the volume of
treated wastewater is increasing every year (Burton et al.
1998). In addition to changes in source water, the tribu-
tary network on the basin floor has been greatly altered.
Natural stream courses are typically channelized and, in
many cases, concrete-lined.

Ecological conditions in the Santa Ana River ba-
sin have also been significantly altered. Watersheds
have been converted from natural habitats to urban
land uses and riparian vegetation has been removed.
Many streams have been channelized and concrete-
lined for the protection of life and property. Human
activities have introduced many toxic compounds to
surface- and groundwater, rerouted the distribution
of streamflow, and changed the timing of these flows.
Changes to the landscape and streams imposed by
urbanization cannot be fully corrected (Booth and
Reinelt 1993); however, that does not mean ecosys-
tem conditions cannot be improved. The problem is
identifying differences in biological conditions related
to anthropogenic factors that may be mitigated.

Many urban studies focus on an urbanization
gradient either within one catchment or among sev-
eral catchments. Other studies compare reference con-
ditions to urban condition. Because of the engineered
hydrologic system, the arid climate, and the high per-
centage of urban land use in the basin, gradient stud-
ies are not feasible in the Santa Ana River basin.
However, some aspects of the hydrologic system in the
Santa Ana River basin are well constrained. It is pos-
sible to identify the source of water as well as the chan-
nel modification or type for many streams. This
provides an opportunity for assessing the effects of
these two anthropogenic factors. Objectives of this
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FIGURE 1. Location of stream sites, retention basins, and points of treated-wastewater discharge in the Santa Ana River
basin, California.

paper are to relate condition of the benthic macroin-  some challenges of studying and understanding highly
vertebrate and periphyton (attached algae) assemblages  urbanized streams. In a companion paper (Brown et
to water source and channel type. We also address  al. 2005, this volume), we use multivariate ordination
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techniques to better understand the ecological pro-
cesses affecting aquatic communities in the Santa Ana
River basin and generating the patterns observed in
this study.

Methods
Study Area

Urban and agricultural land uses occur primarily in
the alluvium-filled valleys and coastal plain, which are
located in the Southern California Plains and Hills
ecoregion (Omernik 1987) (Figure 1). The uplands,
which include the San Gabriel, San Bernardino, and
San Jacinto Mountains, lie within the Southern Cali-
fornia Coastal Mountain ecoregion and are generally
steep and undeveloped. Land use in the entire basin is
about 35% urban; 10% agricultural; and 55% open
space, primarily steep, mountain slopes. The alluvium-
filled valleys and coastal plain are more than 70%
urban. Population density in the entire basin is about
580 people/km?; population density in the alluvium-
filled valleys and coastal plains is about 1,160 people/
km?. The climate is Mediterranean and characterized
by hot, dry summers and cool, wet winters. Average
annual precipitation ranges from 25 to 60 cm in the
coastal plains and inland valleys, and from 60 to 122
cm in the San Gabriel and San Bernardino Mountains
(U.S. Army Corps of Engineers 1994).

Site Selection

Preliminary assessments identified four categories of
water source (natural, human-impacted groundwater,
urban runoff, and treated wastewater) and three cat-
egories of channel type (natural, channelized with
natural bottom, and concrete-lined). Conceptually,
this represents a 4 x 3 categorical design, but peren-
nial stream reaches that represented all combinations
were not available (Table 1). At least one study reach
was selected to represent all combinations available in
the basin for a total of 19 sites (Table 2).

TABLE 1. Number of sites in each combination of water
source and channel type, Santa Ana River basin, California.

Channel type
Water source Natural Channelized Concrete
Natural 3 0 0
Groundwater 0 1 3
Urban runoff 0 2 1
Treated wastewater 4 2 3
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Natural landscape variability was minimized by
locating reaches within one ecoregion, the Southern
California Plains and Hills (Omernik 1987), with one
exception. Sites with little to no urban land use could
not be found within the ecoregion. Therefore, three
sites (1, 3, and 11) located near the interface with the
Southern California Mountain ecoregion were selected
to represent least-impacted conditions (Table 2; Fig-
ure 1). These mountain-runoff sites are supplied with
natural water, have a natural channel type, and repre-
sent conditions as streams enter the valley floor.

Four sites are primarily supplied with human-
impacted groundwater. Of these, one is channelized
(9) and the remaining three are concrete-lined (4, 6,
and 8). Three sites are primarily supplied with urban
runoff. Two of these sites are channelized (5 and 16),
and the third is concrete lined (12). Nine sites are
dominated by discharge from wastewater treatment
plants. Four of these sites are located in natural chan-
nels (2, 10, 15, and 19), two in channelized streams
(7 and 18), and three in concrete-lined channels (13,
14, and 17).

Basin area and percentage of urban land use were
calculated for all sites for the natural, topographical
drainage basin. The actual contributing drainage area
also was calculated based on information about reten-
tion basins, storm drains, and treated wastewater dis-
charge locations (Table 2). Drainage areas behind
retention basins were subtracted from the topographi-
cal drainage basin, and basin boundaries were adjusted
to account for storm drains and treated wastewater
discharge locations. The contributing area was usually
a subset of the topographical drainage area that is sepa-
rated from mountain runoff by retention basins. In
the case of the three [east-impacted sites, the topo-
graphical drainage basin area and contributing basin
area are the same. Percentage of urban land use also
was calculated using the contributing basin area. In
the case of a stream receiving 100% treated wastewa-
ter, the contributing basin area has no meaning be-
cause the flow emerges from a pipe and all of the water
is from urban uses (100%).

Data Collection

Water samples for major ions, nutrients, pesticides,
and field parameters (specific conductance, pH, water
temperature, dissolved oxygen, and discharge) were
collected using standard U.S. Geological Survey
(USGS) protocols (Shelton 1994). Water samples were
collected in Teflon bottles using either the equal-width-
incremental method or the multiple-vertical method,
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depending on site conditions. Water samples for de-
termination of dissolved nutrients and major ions were
filtered through a 0.45-pm Gelman capsule filter.
Water samples for determination of cations were pre-
served with nitric acid. Water samples collected for
pesticides were filtered through a baked glass-fiber
filter. Water samples for major ions, nutrients, and pes-
ticides were chilled to 4°C and shipped to the USGS
National Water-Quality Laboratory (NWQL), Den-
ver, Colorado, for analysis. Samples for major ions,
nutrients, and pesticides were collected once, when
the algae samples were collected. Field parameters were
collected during each site visit.

Habitat variables were measured at each of 11
transects within each sampling reach (Fitzpatrick et al.
1998). Reaches ranged from 150 m for small streams
and concrete-lined channels to 900 m for larger
streams. Basin area, urban land use, and population
densities were determined using geographic informa-
tion system databases. Land-use information was ob-
tained from the Southern California Association of
Governments (1997), and population density infor-
mation is from the 1990 U.S. Census (Hitt 1994).

Periphyton, benthic macroinvertebrate, and wa-
ter quality samples were collected and the habitat was
characterized at the 19 sites from July to September
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2000. Artificial substrates were used for periphyton
and benthic macroinvertebrates to decrease the effect
of radically different substrate types among sites
(cobbles, sand, concrete), facilitating comparisons
among sites (Aloi 1990; Lowe and Pan 1996).
Unglazed clay tiles (approximately 7.5 X 7.5 cm)
attached to concrete paving blocks were used to col-
lect periphyton. Four paving blocks with two tiles
each were placed at each site. Water depth and veloc-
ity were measured at each paving block when the sub-
strates were deployed and when they were collected.
After a 2-week colonization period, the clay tiles were
removed from the paving blocks. Periphyton was col-
lected and processed using the top-rock scrape method
(Moulton et al. 2002). Samples were preserved in 4%
formalin. Periphyton taxa were identified and enu-
merated at the Philadelphia National Academy of Sci-
ence following the methods of Charles et al. (2002).
Artificial substrates for benthic macroinvertebrates
consisted of a section of bristled plastic doormat (ap-
proximately 15 X 15 cm) and an 18-cm length of 3.2-
cm polyvinyl chloride (PVC) pipe wrapped three times
with plastic fencing (1.9-cm mesh) attached to a con-
crete paving block (Figure 2). Four substrates were
placed at each site. Water depth and velocity were
measured at each paving block when the substrates

FIGURE 2. Artificial substrate used to collect macroinvertebrate samples from the Santa Ana River basin, California.
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were deployed and when they were collected. Up to
three substrates were removed after a 6-week coloniza-
tion period. The doormat and PVC pipe were removed
from the paving block, and placed in a bucket. A 500-
Mm-mesh net was placed downstream from the sub-
strate to collect any macroinvertebrates that were
dislodged in the removal process. The doormat, PVC
pipe, and fencing were scrubbed and inspected to
remove macroinvertebrates. The sample was sieved
(500 pm) and preserved in 10% formalin (Moulton
et al. 2002). Macroinvertebrates were identified and
enumerated at the NWQL following protocols for a
100-organism fixed-count (Moulton et al. 2000).

Data Analysis

More than 80 chemical and 30 physical variables were
measured, including concentrations of dissolved nu-
trients, concentrations of dissolved major ions, con-
centrations of dissolved pesticides, and habitat
characteristics. Analysis of variance (ANOVA) was used
on ranked chemical and physical variables to identify
those that were significantly different (2 < 0.05) be-
tween water sources or channel types. These selected
chemical and physical variables were used in all fur-
ther analyses. Principal components analysis (PCA)
was used to explore overall patterns among the final
set of environmental variables.

Benthic macroinvertebrates were generally iden-
tified to genus. Ambiguous individuals identified at a
higher taxonomic level (usually family) were distrib-
uted among the lower taxa (usually genera) in accor-
dance with the relative abundance of each genus when
most of the individuals were identified at the lower
level. Otherwise, data were aggregated at the higher
level of taxonomy. Species lists and counts are not
presented in this paper but are available from the cor-
responding author (Carmen Burton). The taxa data
were summarized as biological metrics using the In-
vertebrate Data Analysis System program (Cuffney
2003).

Periphyton was identified to species in most cases.
As with the macroinvertebrates, species lists and counts
are not presented in this paper. Metrics were calcu-
lated using autecological and tolerance information
described by Van Dam et al. (1994), Bahls (1993),
and Lange-Bertalot (1979).

More than 120 macroinvertebrate metrics and 40
periphyton metrics were calculated. Macroinvertebrate
metrics included taxa richness, relative taxa richness,
taxa abundance (density), and relative taxa abundance,
functional-feeding group (taxa having similar adapta-
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tions for feeding) richness and abundance, and relative
richness and abundance. Periphyton metrics include
taxa richness, relative richness, abundance, relative abun-
dance, biovolume, and percentage of biovolume of pe-
riphyton classes, as well as relative abundance of taxa
according to autecological characteristics such as motil-
ity and pollution tolerance. Only those metrics that
were statistically different among water sources or chan-
nel types are discussed further.

Biological metric values were compared among water
sources or channel types using ANOVA. The data were
transformed by ranking before using the general linear
model procedure in SAS. Tukey’s multiple comparisons
tests (Helsel and Hirsch 1992) were conducted for bio-
logical metrics showing significant differences among
water sources or channel types. The test was modified
using the harmonic mean to account for unequal sample
sizes (Helsel and Hirsch 1992). Significant metrics (P <
0.05) were correlated (Spearman’s correlation) with the
selected chemical and physical variables. The signifi-
cant macroinvertebrate metrics and the significant per-
iphyton metrics also were analyzed by PCA to determine
patterns of correlation among metrics within each taxa
group and facilitate interpretation of general patterns.
The number of important axes was determined by
Kaiser’s rule, which states that the minimum eigenvalue
for an axis should be greater than the average of the
eigenvalues for all axes.

Results
Chemical and Physical Variables

Nineteen chemical and physical variables were signifi-
cantly different between sources of water or channel
type (ANOVA, P < 0.05). Fifteen chemical and physi-
cal variables showed significant differences between
sources of water, and nine physical variables showed
significant differences between channel types (Tables
3 and 4). Concentrations of dissolved chemicals were
highest in streams with treated wastewater and lowest
in streams with natural water (Table 3). Inorganic ions
such as chloride (Cl), potassium (K), and sodium (Na)
were significantly different among water sources, but
specific conductance was not. Of the physical vari-
ables, discharge, water velocity, and wetted channel
width were highest in streams supplied with treated
wastewater and usually lowest in natural streams (Table
3). Streams supplied with water from natural sources
had the highest values for the remaining physical vari-
ables. Streams supplied with urban runoff and ground-
water had the highest percentages of urban land use.
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TABLE 3. Median values for chemical and physical variables that were significantly different among water-source categories
(ANOVA, P <0.05). For each variable, water sources with different letters were significantly different (Tukey tests, 2 < 0.05).

Water source

Urban Treated
Variable Natural Groundwater runoff wastewater
Cl (mg/L) 6A 7A 61 AB 94 B
K (mg/L) 2A 3A 4A 11B
Na (mg/L) 19 A 71 AB 64 AB 82B
Ammonia (mg/L as N) 0.01 A 0.02 AB 0.04 AB 0.09B
PO, (mg/L as P) 0.005 A 0.005 A 0.087 B 1.05C
Discharge (m®/s) 0.03A 0.07A 0.06 A 0.88B
ov* bank-full width 33A 5B 14 AB 14B
Channel width, wetted (m) 3.8 AB 4.4A 5.7 AB 14.1B
cv depth 61 A 52B 49AB 36B
% riffle 53 A 0B 0B 0B
Streambed substrate size® 7.0A 1.7B 2.5B 3.1AB
Velocity (m/s) 0.18A 0.12A 0.21 AB 0.47 B
cv velocity 101 AB 98 AB 102 A 44 B
% urban land use (contributing) 4A 71B 80 B 69 AB
Water temperature (°C) 20.0 A 29.8 B 30.5B 28.0B

“cv, coefficient of variation.

>The streambed substrate size was characterized as 1, concrete; 2, silt, mud, or detritus; 3, sand (>0.063-2 mm); 4,
fine/medium gravel (>2-16 mm); 5, coarse gravel (>16-32 mm); 6, very coarse gravel (>32—-64 mm); 7, small cobble
(>64-128 mm); 8, large cobble (>128-256 mm); 9, small boulder (>256-512 mm); 10, large boulder, irregular
bedrock, irregular hardpan, or irregular artificial surface (Fitzpatrick et al. 1998).

Water temperature, open canopy, and percentage  cv of open canopy, presence of riffles, and streambed
of urban land use were highest in concrete-lined chan-  substrate size were lowest in concrete-lined channels
nels and lowest in natural channels (Table 4). Bank  and highest in natural channels. Values for channelized
shading, coefficient of variation (cv) of bank-full width,  streams fell between the values for concrete-lined and

TABLE 4. Median values for chemical and physical variables that were significantly different among channel-type categories
(ANOVA, P < 0.05). For each variable, channel types with different letters were significantly different (Tukey tests, < 0.05).

Channel type
Natural Channelized Concrete
% bank shading 87 A 69 A 9B
cv* of bank-full width 24 A 21A 0B
Depth (m) 0.19A 0.23A 0.10B
Open canopy (degrees) 61 A 122 AB 153B
cv open canopy 47 A 24 AB 9B
% riffle 17A 7 AB 0B
Streambed substrate size® 49A 4.1A 1.0B
% urban land use (contributing) 45 A 53 B 79B
Water temperature (°C) 235A 26.0B 30.3B

“ cv, coefficient of variation.

b The streambed substrate size was characterized as 1, concrete; 2, silt, mud, or detritus; 3, sand (>0.063—2 mm); 4,
fine/medium gravel (>2—16 mm); 5, coarse gravel (>16-32 mm); 6, very coarse gravel (>32—-64 mm); 7, small cobble
(>64-128 mm); 8, large cobble (>128-256 mm); 9, small boulder (>256-512 mm); 10, large boulder, irregular
bedrock, irregular hardpan, or irregular artificial surface (Fitzpatrick et al. 1998).
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natural streams; however, they were usually more simi-
lar to values for natural streams.

Principal components analysis of chemical and
physical variables resulted in four PCA axes account-
ing for more than 80% of the variance in the data
(Table 5). The first two PCA axes accounted for most of
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the variance (65%). Principal components analysis axis
1 explains about 39% of the variation among sites and
is composed of variables associated with water source
(Figure 3). Loadings for the chemical variables of chlo-
ride, potassium, sodium, phosphate, and ammonia in-
crease in the positive direction toward the sites supplied

TABLE 5. Loadings of ranked chemical and physical variables and biological metrics derived from principal component

analysis.

Loadings
Variable Axis 1 Axis 2 Axis 3 Axis 4 Axis 5 Axis 6
Chemical and physical variables:
Cl 0.28 —2 — 0.42 NA® NA
K 0.31 — — — NA NA
Na 0.28 — — 0.30 NA NA
Ammonia 0.26 — — 0.32 NA NA
PO, 0.31 — — — NA NA
Discharge 0.26 — — — NA NA
ov® bank-full width — — 0.25 — NA NA
Bank shading — 0.31 —0.28 — NA NA
Channel width, wetted — — 0.43 — NA NA
Depth — 0.36 — 0.29 NA NA
cv depth — — — — NA NA
Open canopy — -0.26 0.39 — NA NA
cv open canopy — 0.32 —-0.33 — NA NA
% riffle —0.24 — — — NA NA
Streambed substrate size — 0.35 — — NA NA
% urban land use (contributing) — — -0.46 — NA NA
Velocity 0.26 — — -0.35 NA NA
cv velocity -0.25 — — 0.47 NA NA
Water temperature — —-0.31 — — NA NA
Cumulative variance explained: 39 65 75 83 NA NA
Macroinvertebrate taxa metrics:
Richness — 0.22 — 0.22 0.24 —
EPT richness 0.21 — 0.24 — — —
Trichoptera richness — — 0.23 — — —
% nonchironomid dipteran richness — 0.28 — -0.24 — —
% nonchironomid abundance — 0.28 — — — —
% Orthoclad richness — -0.23 -0.21 -0.30 — —
% Orthoclad abundance — — — -0.24 0.21 0.31
% Oligochacete richness — -0.22 — — — —
% Oligochaete abundance — — — — — —
EPA tolerance, based on richness -0.22 — -0.20 — — 0.21
% parasite richness — — -0.23 — — —
% parasite abundance — — -0.23 — — —
Scraper richness — — 0.38 — — —
% shredder richness — -0.25 — — — 0.46
% shredder abundance — — 0.22 — — 0.28
% predator richness — — — 0.32 — 0.37
% gatherer richness — — -0.25 — — 0.31
% Trichoptera abundance 0.25 — — — — —
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TABLE 5. Continued.

Loadings

Variable Axis 1 Axis 2 Axis 3 Axis 4 Axis5  Axis 6%
%Tanytarsini abundance 0.20 — — 0.22 0.23 —
% Tanytarsini abundance/Chironomid

abundance — — —0.20 — 0.25 —
% noninsect abundance -0.23 — — — — —
Nonmidge diptera plus noninsect

abundance -0.23 — — — — —
% filterer richness — — — -0.26 — —
% filterer abundance 0.24 — — — — —
Cumulative variance explained: 38 65 75 83 88 92
Periphyton taxa metrics:
% diatom richness — 0.56 — NA NA NA
% diatom abundance — 0.52 0.27 NA NA NA
Green algae biovolume -0.29 — -0.55 NA NA NA
Blue-green algae biovolume —0.44 — 0.33 NA NA NA
% blue-green algae biovolume -0.36 — 0.53 NA NA NA
% Nitrogen-heterotrophic diatom

abundance -0.38 0.33 —0.34 NA NA NA
% eutrophic diatom abundance -0.35 0.37 -0.28 NA NA NA
% motile diatom abundance -0.33 0.31 — NA NA NA
% Pollution-sensitive diatom abundance 0.39 — — NA NA NA
Cumulative variance explained: 43 69 84 NA NA NA

* —, loading < 0.20 for macroinvertebrate metrics; loading < 0.24 for periphyton metrics and chemical and physical

variables.
®NA, not applicable.
“cv, coefficient of variation.

with treated wastewater. Physical variables of discharge
and velocity also increase in the positive direction. Physi-
cal variables of percentage of riffles and cv of velocity
increase in the negative direction toward the sites sup-
plied with natural water (Table 5; Figure 3).

Principal components analysis axis 2 explains 26%
of the variation among sites and includes primarily vari-
ables associated with channel type (Table 5; Figure 3).
Loadings for the physical variables of bank shading,
depth, streambed substrate size, and cv of open canopy
increase in the positive direction toward sites that are
channelized or have natural channels. Open canopy
and water temperature increase in the negative direc-
tion toward sites that are concrete-lined.

Biological Metrics and Water Source

Twenty-four benthic macroinvertebrate and six per-
iphyton metrics were significantly different among
water sources (ANOVA, P < 0.05). Eight benthic

macroinvertebrate metrics are measures of taxa rich-
ness, 6 are measures of taxa abundance, and 10 are
measures of functional-feeding groups. Several
macroinvertebrate metrics based on slightly different
measures of the same taxa (e.g., oligochaetes) gave simi-
lar results, suggesting that they were redundant. In
these cases, only results for relative richness and abun-
dance are given (Tables 6 and 7). Macroinvertebrate
metrics varying with water source included taxa rich-
ness, Ephemeroptera-Plecoptera-Trichoptera (EPT)
richness, nonchironomid dipterans, orthoclad chirono-
mids, oligochaetes, richness of tolerant taxa, parasites,
shredders, predators, scrapers, and gatherers.
Streams supplied by natural water and streams
supplied by treated wastewater were significantly dif-
ferent from other sources for more biological metrics
than were streams supplied by either human-impacted
groundwater or urban runoff (Table 6). Streams sup-
plied by natural water sources generally had higher
values for total richness, EPT richness, trichopteran
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richness, and measures of nonchironomid dipteran
abundance (predominantly Simuliidae and Calop-
aryphus sp.) than did streams dominated by treated
wastewater (Table 6). Urban runoff and treated waste-
water generally had higher values than those of natu-
ral water or groundwater sources for measures of
orthoclad chironomids (dominated by Cricotopus sp.)
and oligochaetes.

The importance of functional-feeding groups
varied among water sources (Table 6). Measures of
parasites (Nematoda) and predators (Turbellaria) were

greatest at urban groundwater sites. Measures of shred-
ders (predominantly Cricotopus sp.) were greatest at
urban runoffand treated wastewater sites. Scraper rich-
ness (dominated by Physella sp., Petrophila sp., and
Helicopsyche sp.) was significantly greater in natural
waters and urban runoff compared with treated waste-
water and urban groundwater. Percentage gatherer
richness (predominantly Naididae, Fallceon sp., and
Baetis sp.) was lowest in natural waters compared with
urban runoff or groundwater.

Thirteen of the 19 selected chemical and physical
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TABLE 6. Median values for biological metrics that were significantly different among water-source categories (ANOVA, p
<0.05). For each variable, medians with different letters were significantly different (Tukey tests, P < 0.05).

‘Water source

Urban Treated
Metric Natural Groundwater runoff wastewater
Macroinvertebrate taxa metrics:
Taxa richness 19 A® 17 AB 14 AB 9B
EPT* richness 6A 5B 1.5B 2B
Trichoptera richness 4 A 3 AB 1.5 AB 1B
% nonchironomid dipteran richness 11 AB 23A 11 AB 0B
% nonchironomid dipteran abundance 9A 11A 1B 0B
% Orthoclad richness 0A 10 AB 9 AB 14B
% Orthoclad abundance 0A <1A 35 B 4 B
% Oligochaete richness 0A 0A 14B 14B
% Oligochaete abundance 0A 0A 28 B 17 B
EPA® tolerance, based on richness 49A 6B 72B 5.5AB
Macroinvertebrate functional-feeding group metrics:
% parasite richness 0A 7B 0A 0A
% parasite abundance 0A <1B 0A 0A
% shredder richness 8A 7A 19B 17 AB
% shredder abundance 1AB <1A 36B 5B
% predator richness 23 AB 42 A 33 AB 20B
Scraper richness 4A 2B 3A 1B
% gatherer richness 30A 42 B 48 B 33 AB
Periphyton taxa metrics:
Blue-green algae biovolume 0A 0.004 B 0AB 0.1B
% blue-green algae biovolume 0AB <1 AB <1A 5B
% Nitrogen heterotrophic diatom abundance 11A 16 A 86 B 94 B
% eutrophic diatom abundance 57 AB 22A 87 BC 97C
% motile diatom abundance 33A S53A 81 AB 76 B
% pollution-sensitive diatom abundance 46 A 2AB 3A <lB

* EPT, Ephemeroptera-Plecoptera-Trichoptera.
PEPA, U.S. Environmental Protection Agency.

variables were correlated with more than 2 of the 24
benthic macroinvertebrate metrics associated with wa-
ter source. Measures of taxa richness, EPT richness, and
nonchironomid dipterans were commonly negatively
correlated with concentrations of dissolved chemicals
(Table 7). These metrics tended to be positively corre-
lated with cv of bank-full width, presence of riffles, and
streambed substrate size. That is, these metrics were
higher at sites that had lower concentrations of Cl, K,
Na, orthophosphate (PO )» ammonia, and lower per-
centages of urban land use and more heterogeneous
habitat. Measures of orthoclad chironomids, oligocha-
etes, and U.S. Environmental Protection Agency’s (EPA)
tolerance tended to show the opposite patterns. Corre-
lations of functional-feeding groups with chemical and
physical variables were more limited, and there were no
strong general patterns (Table 7).

Two of six periphyton metrics associated with
water source are measures of blue-green algal
biovolume, and four metrics are autecological mea-
sures (Table 6). Streams with natural waters were lower
in blue-green algal biovolume and relative abundance
of nitrogen heterotrophic, eutrophic, and motile dia-
toms (predominantly Nitzschia amphibia, N. palea,
and Diadesmis confervacea) than were streams with
treated wastewater (Table 6). The relative abundance
of pollution-sensitive diatom species (predominantly
Cymbella affinis) was greater in natural waters than in
treated wastewater (Table 6). The relationships of sites
with urban runoff and groundwater were mixed.

All fifteen chemical and physical variables differ-
ing among sources of water were correlated with at
least one of six periphyton metrics. The periphyton
metrics associated with water source, except pollution-



251

ASSEESSING WATER SOURCE AND CHANNEL TYPE

.wHuuQOJUEH-EB&oqu-Euumoquuaam ‘149 -

“10°0 > J & UONE[R1I0D 2A1ESoU “— ([()°() > J I& UONE[AII0D 2ANIsOd “4++ £G()°() > 7 & UOIE[DII0D JANESIU ‘= 1G()'() > J I& UONE[R1I0 aAnIsod “+

"UONELIEA JO 1USIDIJJ20D ‘AD

SN + SN — — - - SN SN SN SN SN SN $SaUTPIT 191911E3 04
SN SN SN SN SN SN SN SN SN SN SN SN SN ssouypLr sorepard o
SN SN SN SN SN SN SN SN SN SN SN SN SN SOUEPUNQE 19PP21YS O
SN SN + SN SN SN SN + + + SN ++ SN SSIUYDII IPPAIYS 0
SN - SN SN + SN SN - - SN - SN — ssouyoL 1aderdg
+ SN SN SN SN SN SN SN SN SN SN - SN 2ouepunge isered o
+ SN SN SN SN SN SN SN SN SN SN - SN ssouyd dsered o
:sotnaw dnoid Surpasy
|~NCO~HU~\:}G UHNHQMHMQNVCMOHUNE
SN + SN — — - - SN SN SN SN SN SN $SOUTPDII UO Paseq ‘@oUBINO1 YT
SN SN SN SN SN SN SN SN + + SN SN SN dupunqe 219eY2081Q %
- SN - SN SN SN SN SN ++ ++ ++ ++ SN SSIUYDIT BYDOZI() %
SN + SN SN SN SN SN SN + ++ + SN + SoUTPUNQE PEPOYIQ %
mz mz + mz mz mz mz + ++ + ++ + ++ mmOQLUMH ﬂuNﬂVOﬁ—uuo %
SN SN SN SN SN SN SN - - - - — — souepunqe
ue121dIp prurouoIryouou o
+ SN SN SN SN SN SN SN - SN SN - —  ssouydu ue1a1dIp prurouoIIyouou o
SN — SN + + SN + SN — - — SN — ssouyon e1ardoyouy,
SN - SN + + SN + SN - - - SN - SSOUYDII L, T
SN - - SN SN SN + - — — — — T SSIUTDIT BXE],
UWUM.DUE eX®l MHNHO_DHHUNVQMO.HUNE
ormers  (Bunnq LD o71s S qdop ppm  9Breyd "Od BIUOW BN M D SINAIN
-dw2)  -muod)  -o[pp  Arensqns o A my -s1(] -ury
uuuw\x/ asn _uﬁﬂ ﬁum_ n&ﬁwﬁ
ueqIn o -ureang WAD

.muiowuumu 20INO0S-I3em Yim ﬁwuNmUOmww SI9M JBYI SOINOW 91BI(IIAUT YIIM SI[(BIIBA ﬁmuﬁwkﬂﬁ— _u:m [ESTWIAYD 10§ SUOTIB[2II0D MCNEHNDQ% Jjo wuﬁzwum */ AT1dVL



“10°0 > J & UONE[PII0D 2ANEZDU “— [()°() > J & UONE[PII00 2A1Isod “++4 £C()() > I8 UONE[III0D 9ANE3U ‘- 1¢()’() > ¢ I UONE[21100 aantsod “+
"UOTIBLIBA JO JUIIDIJJI0D AD,

SN — SN SN ++ ++ + SN ++ SN - - — - - souepunge
woleIp
QANISUIS
-uonnyjod o
- SN - SN SN SN SN + SN SN + + + + + 2ourpunqe
woleIp
snour o
- SN — ++ SN SN SN ++ SN ++ ++ + + ++ + souepungqe
woleIp
4 orydonna o
= - SN — ++ SN - SN ++ SN + ++ + + ++ + souEpUNQE
% woleIp
m srydonoraay
a ~usSonIN 9
SN SN SN SN SN SN SN + SN + SN SN + SN SN Swmjoa
-o1q oed[e
u2013-an[q 0
SN SN SN SN SN SN SN + SN + SN SN + SN qtt SWN[oA0Iq
oede usaid-anjq
ormerd  (Sunn A A o718 S qdop  ponom pm  d3reyo "Od er BN 3 D SINAN
-du2)  -qINUO0d)  -50[PA  -D0[2A 91BN % A Gpim my -1 -uour
I91BA\  OSN puE[ IS) -qns Pu -sueq -ury
ueqIn o P2q -ueyD) A
weang

252

.wbmuowwuwu 0INOS-I1eM ﬁ_ﬂg —uwu.mMUmeN 2IoM u.mﬁ—u Sornow EOH%H—&:D& LH;N/ wu—ﬂwmuwxw —NUMTAH—& ﬁ:m —NUmEuﬁ_u .uOm mcomuw—w.:OU MCNEHND&W“«O mu—Swvm ‘g AT1dV.L



ASSEESSING WATER SOURCE AND CHANNEL TYPE

253

TABLE 9. Median values for biological metrics that were significantly different among channel types (ANOVA, P < 0.05).
For each variable, medians with different letters were significantly different (Tukey tests, P < 0.05).

Channel type
Metric Natural Channelized Concrete
Macroinvertebrate taxa metrics:
% Trichoptera abundance 29A 57 A 03B
% Tanytarsini abundance 1A 2.9AB 0B
% Tanytarsini/Chironomid abundance 0.2A 0.4 AB 0B
% noninsect abundance 9.2 AB 6.7 A 49 B
Nonmidge diptera plus noninsect abundance 5,346 A 9,863 A 44,878 B
Macroinvertebrate functional-feeding group metrics:
% filterer richness 25A 22 AB 0B
% filterer abundance 50 A 57 A 0B
Periphyton taxa metrics:
% diatom richness 20A 21A 13B
% diatom abundance 86 A 90 A 45B
Green algae biovolume 0.003 A 0A 1.5B

sensitive diatom abundance, tended to be positively
correlated with chemical variables and with most physi-
cal variables but had negative correlations with cv of
stream velocity, water temperature, and presence of
riffles (Table 8). Therefore, these metrics were higher
at sites with higher Cl, K, Na, PO,, and ammonia
concentrations but cooler water temperatures. Pollu-
tion-sensitive diatom abundance tended to be nega-
tively correlated with these chemical variables and urban
land use and positively correlated with most physical
variables (Table 8).

Biological Metrics and Channel Type

Thirteen benthic macroinvertebrate and three per-
iphyton metrics were significantly different among
channel types (ANOVA, P < 0.05). Nine macroin-
vertebrate metrics are measures of taxa abundance.
Four macroinvertebrate metrics are measures of func-
tional-feeding groups. Similar to water source results,
several macroinvertebrate metrics based on slightly
different measures of the same taxa gave similar results
suggesting redundancy. Therefore, only results for rela-
tive abundance are given (Tables 9 and 10).
Macroinvertebrate metrics differing with channel type
included measures of abundance of trichopterans,
tanytarsini chironomids, noninsects, and filterers.
Concrete-lined channels had significantly lower
abundances of trichoptera, tanytarsini chironomids,
and filterers (predominantly Hydropsyche sp. and
Rheotanytarsus sp.) in comparison with natural and
channelized channels (Table 9). Concrete-lined chan-

nels were highest in noninsect abundance (predomi-
nantly Naididae, Turbellaria, Hyalella sp., and Physella
sp.). No significant differences in macroinvertebrate
metrics were observed between natural and channel-
ized sites (Table 9).

Nine physical variables showing significant dif-
ferences between channel types were correlated with
at least 1 of the 13 benthic macroinvertebrate metrics
associated with channel type (Table 10). Several strong
patterns were evident in macroinvertebrate correla-
tions. Metrics for trichopterans and tanytarsini chi-
ronomids were positively correlated with percentage
of bank shading, depth, and streambed substrate size
and negatively correlated with open canopy, water
temperature, and urban land use (Table 10). This was
generally reflected in results for filterers because the
two taxonomic groups were dominated by filtering
genera, Hydropsyche sp. and Rheotanytarsus sp., respec-
tively. Hence, trichopterans and tanytarsini chirono-
mids were found in higher abundance at sites with
more shading, larger streambed substrate, cooler water
temperatures, and less urban land use. Noninsects
showed reverse patterns with negative correlations to
percentage of bank shading, depth, streambed sub-
strate size, and urban land use. Noninsect metrics also
showed negative correlations with cv of bank-full
width and presence of riffles indicating higher abun-
dance of noninsects in concrete-lined channels.

Relative diatom richness and abundance were
lowest in concrete-lined channels (Table 9). Biovolume
of green algae was greater in concrete-lined channels
than in channelized and natural streams (Table
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TABLE 11. Results of Spearman’s correlations of physical
variables with periphyton metrics that were associated with

channel type.

v Streambed Water
bank-full ~substrate temper-
Metric width size ature
% diatom richness +40 + -

% diatom abundance ++ + -

NS

Green algae biovolume - -

“cv, coefficient of variation
by, positive correlation at P < 0.05; —, negative correla-
tion at P < 0.05; ++, positive correlation at P < 0.01.

9). Three variables were correlated with at least one of
three periphyton metrics (Table 11). Relative richness
and the abundance of diatoms were positively corre-
lated with cv of bank-full width and streambed sub-
strate size but negatively correlated with water
temperature (Table 11). Therefore, more diatoms were
found in higher abundances in natural and channel-
ized streams than in concrete channels. Biovolume of
green algae showed a reverse pattern and was nega-
tively correlated to both cv of bank-full width and
streambed substrate size (Table 11).

Principal Components Analysis

Principal components analysis effectively summarized
the relations between macroinvertebrate and periphy-
ton metrics. Principle components analysis of the
macroinvertebrate metrics resulted in six PCA axes
that accounted for more than 90% of the variance in
the macroinvertebrate metrics among sites (Table 5).
The first axis explained 38% of the variance among
sites. Most of the metrics dominating this axis were
associated with channel type; however, three metrics
associated with water source—EPT richness, EPA tol-
erance, and shredder abundance—were also impor-
tant (Table 5; Figure 4). The second axis explained
27% of the variation among sites and was dominated
by macroinvertebrate metrics associated with water
source. Loadings for orthoclads, oligochaetes and
shredders increase in the negative direction toward
the sites supplied with treated wastewater. Taxa rich-
ness and nonchironomid dipteran metrics increase in
the positive direction toward sites supplied by natural
water or groundwater.

Principal component analysis of periphyton
metrics resulted in three PCA axes that accounted for
84% of the variance among sites (Table 5). The first
axis accounted for 42% of the variance among sites
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and is dominated by metrics associated with water
source (Figure 5). The second axis accounts for 26%
of the variance and is also dominated by metrics asso-
ciated with water source; however, metrics associated
with channel type also contribute to the second axis.
In general, sites with treated wastewater are in the
upper left portion of the graph, whereas sites with
natural sources of water are more toward the right of
the graph; sites with urban runoff and groundwater
are between the two (Figure 5).

Discussion

The categorical study design successfully characterized
associations of biological assemblages with water source
and channel type. Many macroinvertebrate and per-
iphyton metrics showed significant differences among
the four sources of water or the three types of channels
(Tables 6 and 9). In addition, many chemical and physi-
cal variables that correlated to these biological metrics
also showed significant differences between sources of
water and channel types (Tables 3 and 4). Although
water source and channel type were treated largely as
independent factors for analysis, organisms are respond-
ing to physical and chemical conditions generated jointly
by these two factors and others not explicitly consid-
ered in the study (such as annual patterns in hydrol-
ogy). For example, PCA axis 1 from the analysis of
chemical and physical variables (Figure 3) clearly sepa-
rates sites with natural and wastewater sources, but the
gradient includes chemical and physical variables re-
lated to differences among streams with natural chan-
nels and streams in concrete-lined channels. Brown et
al. (2005) address these issues more fully.

Artificial substrates were used to mitigate some
effects caused by different channel types; however, it
is likely that the macroinvertebrate and periphyton
assemblages sampled from the artificial substrates were
somewhat different from the natural assemblages.
Lamberti and Resh (1985) found that clay tiles were
similar to natural substrates for algae and macroin-
vertebrates after colonizing for 28 d. Other studies
showed artificial substrates had different compositions
and abundances of invertebrates in comparison with
natural substrates (Garie and Mclntosh 1986; Casey
and Kendall 1996). Colonization rates and replace-
ment of colonizing periphyton by more persistent spe-
cies can be affected by environmental conditions,
including current velocity, nutrient concentrations,
water temperature, and light (Oemke and Burton
1986). Although assemblages on artificial substrates
are likely different from assemblages in the stream,
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artificial substrates should represent a similar sub-as-  Macroinvertebrate Response

semblage, including the taxa best at colonizing an . . .
e uding g and Macroinvertebrate metrics appeared most responsive

to habitat alteration. The first PCA axis (Figure 4)
emphasizes tanytarsini, trichoptera, noninsect, and

exploiting new habitats. Therefore, assemblages on
artificial substrates likely reflect differences between

sites. . .
filterer metrics that differed among channel types.
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Concrete-lined channels always differed from one or
both of the other channel types (Table 9). Although
channelized sites appeared to be intermediate be-
tween concrete-lined and natural sites, differences
between channelized sites and natural sites were not
statistically significant. This suggests that channelized
sites are able to support the same assemblages as natu-
ral channels. Most habitat measures were similar be-
tween these two channel types (Table 4). In
particular, some riparian vegetation was present at
most channelized sites, ranging from grasses and cat-

tails to trees. There was less riparian vegetation in
channelized streams compared with natural chan-
nels, but channelized streams were not as bare as
concrete channels.

Several metrics related to water source—EPT rich-
ness, trichoptera richness, EPA tolerance, and shredder
abundance—mainly reflect differences among the natu-
ral, least-impacted sites and the other sites with a variety
of water sources (Table 6). Natural-water source sites
were chemically and physically different from other sites
(Figure 3; Table 3). These sites are at the interface of the
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mountains and valley and have little urban land use in
their drainage areas (Figure 1; Table 3).

Specific conductance and other surrogates for sa-
linity are commonly related to macroinvertebrate as-
semblages (Leland and Fend 1998; Brown and May
2000), but they were not correlated in this study. The
lack of such correlation, despite correlations of metrics
with ionic species, could be due to the relatively narrow
range of specific conductance (286-1,250 US/cm) and
one of the least-impacted sites having a fairly high value
(804 pS/cm at site 3). In addition, the least-impacted
site was high in calcium, magnesium, and sulfate in-
stead of Na, Cl, or K. There were differences in ionic
composition among water sources (Table 3); however,
it is unknown if differences of this relatively small mag-
nitude can affect macroinvertebrate taxa.

The macroinvertebrate metric responses observed
in this study are generally consistent with results of
other studies. The least-impacted streams had the high-
est macroinvertebrate taxa richness, EPT richness, and
trichopteran richness in comparison with urban
streams. Barbour et al. (1999) observed that increases
in tolerance and relative abundance of oligochaetes
were expected responses to stream degradation. The
proportion of oligochaetes is expected to be higher in
urban areas (Winter and Duthie 1998; Ourso 2001;
Paul and Meyer 2001; Kennen and Ayers 2002) and
to increase with stream degradation (Karr and Kerans
1992; Fore et al. 1996).

A number of other macroinvertebrate metrics sug-
gest differences among the urban water sources (Table
6). For example, macroinvertebrate metrics at urban-
impacted groundwater sites appear to be different from
those for other water sources as indicated by the domi-
nance of nematodes (parasite metrics), turbellarians
(predator metric), and nonchironomid dipterans and
relatively low values for oligochaete metrics (Table 6).
These metrics were responsive to environmental stresses
including urbanization in other studies (Garie and
Mclntosh 1986; Karr and Kerans 1992; Barbour et al.
1996; Fore et al. 1996). However, those studies were
conducted in less altered streams across a relatively wide
range of urbanization. It is unclear what such differ-
ences mean ecologically in the context of highly altered
streams all within a highly urbanized area.

Several functional-feeding group metrics were
responsive to water source or channel type and war-
rant discussion because of implications for ecological
functions within highly urbanized areas. With respect
to water source, the most interesting relationships in-
volved shredders and scrapers. Shredder metrics tended
to be higher at sites affected by urban runoff and
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treated wastewater (Table 6), mainly because of the
abundance of Crictopus sp., a pollution tolerant genus
of chironomids that has been associated with highly
urbanized sites (Jones and Clark 1987; Kennen and
Ayers 2002). Cummins et al. (1989) and Kerans and
Karr (1994) suggested that the presence of shredders
may be more indicative of local riparian habitat rather
than more general indicators of urbanization. Although
anumber of these sites have riparian vegetation present,
the highest abundance of this genus occurred at an
urban-runoff site (site 12) with no riparian vegetation
and high urbanization. Shredders could be feeding
on macroalgae present at the site.

Scraper richness was higher at sites supplied with
natural water or urban runoff compared to sites sup-
plied with groundwater or treated wastewater. De-
creasing scraper richness has been considered an
indicator of environmental degradation, although Fore
et al. (1996) suggested that the response of scrapers
can be variable. Scraper taxa at urban-runoff sites and
at groundwater sites consisted of both highly pollu-
tion-tolerant genera (i.e., Physella sp.) and pollution-
sensitive genera (i.e., Petrophila sp. and Helicopsyche
sp.). However, the pollution-tolerant Physella sp. was
significantly more abundant at sites with urban run-
off than at sites with groundwater.

Filterer metrics were strongly affected by channel
type (Table 9), with concrete-lined channels having
the lowest abundances. Primary filtering taxa in this
study were the trichopteran Hydropsyche sp. and the
chironomid Rheotanytarsini sp. These taxa were also
most responsible for responses of trichoptera and
tanytarsini metrics to channel type. Previously reported
responses of filterers to environmental degradation are
variable (Karr and Kerans 1992; Barbour et al. 1996;
Fore et al. 1996; Winter and Duthie 1998).
Hydropsyche sp. and Rheotanytarsini sp. are generally
considered pollution sensitive (DeShon 1995; Barbour
etal. 1999); however, in this study, water chemistry of
concrete channels was variable (Figure 4). A simple
physical explanation might be applicable. Both of
these filterer taxa are net builders (Rbheotanyrarsini sp.
can also build tubes) (Merritt and Cummins 1984).
The relatively two-dimensional nature of the concrete
substrate may limit the number of locations appropri-
ate for net and tube construction, therefore limiting
the population.

Periphyton Response

Periphyton metrics were most responsive to water
source. Principal component analysis axis 1 included
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only metrics responsive to water source. Principal com-
ponent analysis axis 2 included metrics responsive to
water source and those responsive to channel type
(Figure 3; Table 5). Sites with treated wastewater gen-
erally had the highest values for the periphyton metrics,
except for percentage pollution-sensitive diatoms,
which had the lowest value (Table 6). Other water
sources were more variable, with each being at the
other extreme from treated wastewater for at least one
metric. Clearly, treated wastewater has a strong effect
on periphyton assemblages.

Three periphyton metrics highest in treated waste-
water—nitrogen-heterotrophic diatom abundance,
eutrophic diatom abundance, and motile diatom abun-
dance—were dominated by Nitzchia palea, a species
most abundant in the most disturbed streams in a New
Jersey urban study (Kennen and Ayers 2002). All three
metrics show a positive relationship with inorganic salts,
ammonia, phosphate, and wetted channel width and a
negative relationship with cv of velocity. Treated waste-
water has the highest concentrations of these chemical
constituents and sites with treated wastewater had the
widest channels and the most uniform velocities. Simi-
lar relationships between periphyton metrics and physi-
cal and chemical variables were found in the mid-
Appalachian region (Hill et al. 2000).

Two periphyton metrics—relative diatom richness
and abundance—were lowest in concrete-lined chan-
nels, whereas green algae biovolume was highest in con-
crete-lined channels (Table 9). Response of the diatom
metrics is indicative of higher environmental stress in
concrete channels (Barbour et al. 1999). Diatom metrics
have a positive correlation to streambed substrate and
cv of bank-full width, indicating that diatoms prefer
more complex aquatic habitat than is available in con-
crete-lined channels. Also, diatom metrics had a nega-
tive correlation with water temperature. Previous studies
showed that diatom richness decreases when water tem-
perature is greater than 30°C and diatoms are often
replaced with green or blue-green algae (DeNicola
1996). In our study, fewer diatoms and a higher
biovolume of green algae were present in concrete chan-
nels, which were warmer than the other channel types.
Median water temperature at sites with concrete chan-
nels was 30°C compared to 23°C at sites with natural
channels and 26°C in channelized streams.

Challenges of Studying Highly Urbanized
Areas

A general approach to urban aquatic studies is to ex-
amine hydrologic, geomorphic, chemical, habitat, and
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biological characteristics of streams over a gradient of
urban land use intensities in specific environmental
settings (e.g., Tate et al. 2005, this volume). The basic
requirements for these studies include (1) consistent
definition of the land-use gradient; (2) consistent en-
vironmental setting to minimize natural gradients (e.g.,
temperature, stream size, hydrologic variability, soil
type, and precipitation); (3) collection of sufficient
physical, chemical, and biological data to characterize
stream response to land use; and (4) sufficient distri-
bution and number of sites to accurately represent a
response over the range of the land-use gradient. Con-
ditions in the Santa Ana River basin did not support
this approach.

The traditional view of precipitation falling on
the landscape and flowing toward stream channels
through various land uses does not apply in the Santa
Ana River basin and in other basins in the arid and
semiarid Southwest. Some streams are ephemeral in
nature. Other streams are diverted for public supply
or into retention basins for groundwater recharge. Asa
result, many streams lose surface flow shortly after
reaching the valley floor. Flow is reestablished in some
stream channels from anthropogenic sources (e.g.,
treated wastewater, urban runoff). Therefore, the tra-
ditional view that water quality in a stream channel
reflects the proportions of land uses in a basin also
does not apply. Alternatively stated, land use is not a
surrogate for the source of water in the Santa Ana
River basin, and land use and basin area are not surro-
gates for the volume of water in the streams. These
discontinuities in the hydrologic cycle owing to the
semiarid climate and human engineering in combina-
tion with extreme urbanization made it impossible to
find least-impacted sites in the valley. The rapid change
from undeveloped mountains to the highly urban-
ized valley made it impossible to define an urbaniza-
tion gradient because there were few streams with low
to intermediate levels of urbanization (Table 2). This
also precludes another common approach to urban
studies, comparing reference or least-impacted condi-
tions with conditions in urbanized areas.

An alternative model is to explicitly identify as-
pects of highly urbanized streams, such as impervious
area, and determine the associations of the chosen factor
with some of the effects this has on habitat quality,
water quality, or aquatic communities. However, it is
difficult to study just one or two aspects of urbaniza-
tion because the observed effect may also be caused by
other factors not included in the study. In the Santa
Ana River basin, some aspects of the hydrologic system
are well constrained despite the complexities of human
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involvement. Therefore, it was possible to identify the
source of water and channel type for many of the streams.
This provided an opportunity for assessing the effects
of these two anthropogenic factors; however, even in
this highly constrained system, the effects of the two
factors could not be separated completely.

Conclusions

Based on analysis of macroinvertebrate and periphyton
metrics and their correlations with chemical and physi-
cal variables, water source and channel type had signifi-
cant associations with ecosystem condition. The source
of water affected not only chemical variables such as Cl
and K, but also some physical variables such as velocity
and water temperature, whereas channel type affected
only physical variables such as streambed substrate size.
Macroinvertebrate assemblages appeared to be most sen-
sitive to physical variables, particularly those associated
with differences between concrete-lined channels and
streams with natural channels or channelized streams
with natural bottoms. In contrast, periphyton metrics
mainly reflected associations with aspects of water qual-
ity related to water source.

Odur results suggest that significant improvements
in aquatic ecological condition are possible in streams
of the highly urbanized Santa Ana River basin even
though conditions will not be returned to full ecologi-
cal function. These results are likely to be similar for
other urban streams in arid or semiarid areas. Given
appropriate design criteria, converting concrete-lined
channels to channelized streams with stabilized sides
and natural bottoms could support aquatic ecosys-
tems more similar to those of less degraded sites and
still maintain flood control to protect life and prop-
erty. Reducing chloride, sodium, potassium, ammo-
nia, and phosphate concentrations in treated
wastewater could also contribute to such changes.
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